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Multipath Measurements at the Lunar South
Pole from Opportunistic Ground-based
Observations — Part ll: Experiment Results
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ABSTRACT. — This article describes experimental results of the measurement campaign to
quantify multipath fading effects between the Lunar Reconnaissance Orbiter (LRO) and
the Deep Space Network (DSN) when the spacecraft sets behind or rises from the back-side
of the Moon. This article presents, therefore, experimental scientific results involving
multi-path fading and terrain characterization at the lunar south pole, while a companion
paper provides a description of the experiment concept. All experiments were conducted
opportunistically, meaning that they did not impose any operational constraints or
requirements on LRO. Consequently, the approach expedited the measurement campaign,
but also limited the resulting science output. In this report, we discuss the results from the
bistatic radar measurements regarding the scattering area estimation and the signatures of
lunar surface roughness observed on the Doppler Spread (DS) and the Circular Polarization
Ratio (CPR). These measurements provide opportunistic information that has the
potential to be used to better understand the Moon’s surface roughness at scales of

~13.2 cm for future human exploration missions.

I. Introduction

This article is the second part of a companion article discussing an opportunistic bistatic
experiment at the lunar poles [1]. As described in Part I, the performed experiment is based
on LRO’s S-band (2271.2 MHz) downlink signal grazing the lunar surface as the spacecraft
sets or rises from the far side of the Moon. Similar experiments have been carried out on
the Moon, Venus, Mars, and Titan [2].

Bistatic radar is described as actively probing planetary surfaces using oblique reflection
and scattering of microwave signals. Such observations provide statistical information on
the root-mean-square (RMS) surface slopes, and on the regolith dielectric constant and
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density, at scales comparable to the radio wavelength. At S-band, this translates to tens of
centimeters.

To conduct the experiment, a radio signal transmitted from LRO is scattered by the lunar
surface, and the echo is received at a DSN ground station on Earth. A direct signal from
LRO is also received at the same time, providing a frequency reference for the echo. Due to
the geometry constraints of the opportunistic experiment, measurements are obtained
only at grazing angles, i.e., at incidence angles 6 = 90°. Consequently, the bistatic angle for
the LRO-Moon-DSN geometry of the received signal is ¢ = 180°. Several tracks were
performed during the project (see Table 1). More information on their timing and how
they were set up can be found in [1].

Table 1. List of tracks showing date and sampled area on the surface of the Moon.

Track Identifier Date Sampled Area on the Moon
48161 DoY 65 at 05:33 UTC, 2020 Nobile Crater
48162 DoY 65 at 07:30 UTC, 2020 Nobile Crater
48247 DoY 72 at 05:48 UTC, 2020 Ashbrook Crater
48248 DoY 72 at 07:45 UTC, 2020 Ashbrook Crater
48249 DoY 72 at 09:42 UTC, 2020 Ashbrook Crater
48261 DoY 73 at 07:51 UTC, 2020 North Pole
48274 DoY 74 at 10:31 UTC, 2020 North Pole
48592 DoY 100 at 06:11 UTC, 2020 North Pole
48810 DoY 118 at 01:13 UTC, 2020 Spudis Ridge

DoY - Day of Year

The data employed in this study was recorded at 100 ksps with 16-bit resolution using an
Open Loop Receiver (OLR) connected to a DSN station. Raw data samples outputted from
the OLR are in the form of in-phase (I) and quadrature (Q) components. These were post-
processed to obtain the power spectral density (PSD) of the received signal.

Figure 1 plots one such PSD and highlights how the differential Doppler shift between the
direct and reflected paths (yellow line vs. light blue markings) separate the received echo
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Figure 1. Example of PSD image for Track 48247.



from the carrier. In other words, the Doppler effects observed on the direct signal will be
different from the Doppler effects observed on the reflected echo as the latter interacts
with the Moon’s surface topography. Therefore, the dispersion of the echo itself, measured
from the obtained PSDs in the form of a Doppler Spread (DS), provides a measure of the
RMS slope of those surface features [3], i.e. the surface roughness.

The Circular Polarization Ratio (CPR) is another parameter that is known to describe the
surface’s topographical features [4]. An incident signal transmitted at Right Circular
Polarized (RCP) will generate a reflected signal with both the original RCP polarization and
orthogonal Left Circular Polarized (LCP) polarization. Therefore, the CPR is computed as
the ratio of power received in the RCP and LCP polarizations. However, this observable was
only computed as a function of time for track 48810, since RCP and LCP measurements
were not available for any of the other tracks.

Given that both the DS and the CPR have been shown to correlate to topological features
such as surface roughness, we compare values derived from our opportunistic bistatic radar
experiment with data collected from alternative space-based instruments, most notably
the Lunar Orbiter Laser Altimeter (LOLA) onboard LRO. Centimeter-scale vertical
resolution information is already available from LOLA. However, since those
measurements are provided as point measurements, applying spatial interpolation to
analyze bigger spatial areas will degrade the resolution. Prior to this comparison, however,
we first detail our methodology to calculate the scattering area, and then provide an
exploratory analysis of the collected observables.

A. Experiment Limitations
The experiments we conducted had several limitations:

1. Innormal bistatic experiments, Fresnel reflection theory can be used to calculate
the dielectric constant of the terrain being mapped once the direct and reflected
echoes in each polarization have been calibrated. This measured dielectric
constant can be related to porosity, through a model, and then to material
density. However, in order to properly measure reflectivity and dielectric
constant, the bistatic radar experiment need to be performed near the Brewster
angle. As previously mentioned, the current experiment observes the LRO
downlink signal after reflection from the Moon’s surface at grazing angles
(6=90°) that are away from the Brewster angle. Indeed, the lunar surface is
expected to have a dielectric constant on the order 1.5 to 3.0, which resultsin a
Brewster angle of 6 = 50°-60°. Therefore, our collected measurements cannot be
used to directly estimate the terrain dielectric constant.

2. Since the transmitted signal by LRO is only a carrier, our experiment does not
have time resolution information. Therefore, delay-Doppler information is not
available and the definition of the scattering area becomes more challenging. To
overcome this limitation, we define the methodology used to identify the
scattering area using only the spectrogram of the received echo in Section II of
this report.



Il. Scattering Area Estimation

The size of the scattering area contributing to the total power in the bistatic radar
configuration depends on various parameters: the transmitting antenna, the receiving
antenna, whether the geometry is favorable, and the characteristics of the surface. In the
case of this experiment, we dealt with two potential limiting factors: 1) the projection of
the LRO transmitting antenna, which pointed towards Earth but still illuminated the
Moon surface at grazing angles (6 = 90°); and 2) the diffuse scattering originating from
terrain areas away from the specular point of reflection (due to the surface roughness
properties).

In normal bistatic radar experiments, when delay-Doppler images are obtained, the power
measured with different delay and Doppler frequencies can be mapped into iso-range and
iso-Doppler lines on the surface of the Moon. For instance, Figure 2 shows a bistatic radar
configuration in which a Global Navigation Satellite System (GNSS) satellite is the source
of transmission. The signal is reflected from the surface of the Earth in the form of forward
scattering and the resulting signal is measured by a receiver located in a different
spacecraft.

Figure 2 also shows how the scattering area is characterized using a grid of iso-delay and
iso-Doppler lines. Although there is a certain level of uncertainty in the measurement
because most delay-Doppler values can be mapped to two points on the surface (see
magenta circles), the maximum measured delay and Doppler values provide a method for
estimating the extent of the scattering area. Indeed, they can be translated into the
contour of an ellipse (iso-range line) and two hyperbolas (iso-Doppler line) that, together,
clearly delimit the region over which scattering has occurred. This methodology has been
used in [6] for Earth applications.
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Figure 2. Iso-Doppler and iso-range lines (image credit: Reference [5])



A. General Definition of the Scattering Area

Due to the opportunistic nature of our experiment, the signal transmitted by LRO only
provided us with information on the Doppler shift experienced by the reflection (i.e., our
measurements had no delay information). Therefore, we could not use the previously
described method. Instead, we relied on the concept of the Fresnel zone number as a proxy
to the iso-range lines. In other words, we first assumed the scattering area to be elliptical in
shape, and then calculated its extent by estimating the number of Fresnel zones that
should be included in the scattering area so that the resulting ellipse has at least one point
with the maximum measured Doppler shift. We henceforth assume that this methodology
has been used to estimate the scattering area of all our experiments.

Given this general definition of the scattering area, two more factors need to be considered
when estimating the final area that is contributing to the total power:

* Surface roughness role: If the surface of the Moon was perfectly smooth, then the
scattering area would be close to that of the first Fresnel zone. However, as roughness
increases, the scattering area is known to also increase and generally extends beyond the
first Fresnel zone. An example of this phenomenon can be observed in bistatic radar
experiments on Earth using the Global Positioning System (GPS) spacecraft as
transmitter (L-band), and 600 km altitude satellites as receivers (e.g., Cyclone Global
Navigation Satellite System — CYGNSS [7] or TechDemoSat-1 — TDS-1 [8]). In these
experiments, both the transmit and receive antennas have large footprints on the Earth
surface, so roughness is known to be the driving factor when calculating the scattering
area. Indeed, when conducted over the ocean, bistatic experiments have scattering areas
of 500 km in diameter, mostly due to the roughness induced by ocean waves.
Alternatively, when the same experiment is conducted over a smooth lake, the
scattering area is around 1 km to 3 km in diameter.

* Antenna gain role: If the antenna footprint on the ground is narrow, it can act as a filter
that limits the measurable scattering area. This circumstance can be observed, for
instance, in experiments conducted with Deep Space Station-13 (DSS-13) and LRO’s
mini-radio frequency (RF) instrument [9]. In this configuration, the transmitting
antenna (DSS-13) is located at the DSN on Earth and pointed towards the spacecraft,
while the receiving antenna on board LRO is pointed towards the Moon. Then, the
directivity of the LRO antenna actively filters the size of the scattering area from where
the signal is scattered. Similarly, a bistatic radar experiment conducted on Venus [10],
by the Venus Express (VEX) spacecraft, also had the antenna footprint as its limiting
factor, which was also pointed at the surface of the planet.

To understand whether our experiment is limited by surface roughness or the radiation
pattern of the transmit/receive antennas, we have computed the size of the Fresnel zones
asin [11], [12]. In particular the scattering area is assumed to be an ellipse of semi-major
axis a and semi-minor axis b, which can be estimated using Equation (1) and Equation (2),
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* Ry, s isthe distance between transmitter and specular point.

where:

* R, ;isthedistance between receiver and specular point.
* nisthe number of Fresnel zones.
* Aisthe wavelength of the transmitted signal.

¢ @is the incidence angle of the bistatic radar observation.

The extent of the Doppler shift experienced by the reflections from the lunar surface can
be obtained from our measurements and, as previously mentioned, provides an indirect
method to limit the number of Fresnel zones that must be included in the scattering area.
In other words, to determine the scattering area, we progressively increase n in

Equation (1) and Equation (2) until the Doppler shift experienced by any point inside of
the ellipse corresponds to the maximum Doppler shift measured in the corresponding PSD
(i.e., our general definition of the scattering area). As an example, Figure 3 provides an
illustration of the intersection of the Doppler information and the ellipses computed from
the Fresnel zone approximation.
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Figure 3. Example of the iso-Doppler lines and the iso-range lines (approximated to Fresnel zones)-computations
for Track 48247, at time = 100 s from start. The data bar displays the antenna gain in dBi.

B. Role of Antenna Pattern and Surface Roughness on the Scattering Area

At this point we need to understand what is the limiting factor for our experiments, the
antenna gain pattern or the roughness. Therefore, we can foresee three scenarios:

1. Scattering area limited by the roughness alone.



2. Scattering area limited by the antenna gain pattern alone.

3. A combination of both, roughness and gain pattern.

Note that in Figure 3, LRO’s antenna radiation pattern is also plotted and the scattering
area is represented by antenna gain values above -6 dB. Since the definition of the
scattering zone is key to understanding the characteristics of the received signal after
reflection on the Moon surface, we now provide for track 48161 a quick data analysis. In
order to do that, we provide calculations of the mean roughness—obtained from LRO
altimeter LOLA—and described in more detail in Section IV, averaged over different
scattering areas as a function of time (Examples 1 to 3 below).

Example 1: Mean LRO’s LOLA roughness value computed within the LRO full antenna
footprint (larger than the one in Figure 3).
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Figure 4. Example of the mean roughness observed within the LRO full antenna footprint—-computations for
Track 48161.

When considering the antenna footprint as the limiting factor (Figure 4), the surface
roughness variations are smoothed out, yielding a total roughness variability over time of
6 mm, with a mean of 40 cm. This happens because the big footprint minimizes the mean
roughness change between one instant of time and the next one, i.e., there is little change
between one “snapshot” and the next. This method does not match the Doppler spread
observed in the reflected signals, and thus will not be used in this article.

Example 2: Mean LRO Altimeter roughness value computed considering specular
reflection (first Fresnel zone).
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Figure 5. Example of the roughness observed at the specular point (first Fresnel zone)-computations for
Track 48161.

When taking the roughness value at the most specular location (Figure 5), the observed
surface roughness variability is larger, because the specular point from one “snapshot” to



the next has moved and therefore both measurements are uncorrelated. This results in a
total roughness variability over time of 50 cm, with a mean of 42 cm. Unfortunately, in our
experiment assuming a perfectly specular reflection is not valid since the Moon’s surface is
not smooth. Therefore, we do not use the first Fresnel zone to determine the scattering area
in our calculations.

Example 3: Mean LRO altimeter roughness value computed considering general definition
of the scattering area (Figure 3).
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Figure 6. Example of the mean roughness observed within scattering area using our general definition—-
computations for Track 48161.

Because the values in Figure 6 are based on the direct measurements from our experiment
and correctly capture the signal spread in the Doppler domain, we will assume our general
definition of the scattering area as the right definition for our experiments. This leads to an
observed total roughness variability over time in this case of 6 cm, with a mean of 38.5 cm.
We recognize, however, that this method only approximates the delay spread of the
scattered signal. This could potentially be smaller than the one defined by the iso-delay
lines in Figure 3 due to filtering from the antenna footprint on the lunar surface. The main
reason for this is the considerable footprint size resulting from pointing the antenna in
such a way that the scattered signal is reflected at grazing angles.

Ill. Signatures of the Moon Roughness

In this section we investigate the signatures of the Moon’s surface roughness from our
available bistatic measurements. We describe two observables computed directly from the
measurements: the DS and the CPR. In addition to those observables, we provide the
reference mean surface roughness obtained from the LOLA instrument (described in
Section IV) within the scattering area following the method described in Section II.A. After
all the data are presented, we compare the reference roughness to the observables and
comment on the impact of roughness variations in Section V.

A. Measurement Observable: Doppler Spread

The bistatic scattering process is characterized by many individual reflections originating
from the multiple facets that are randomly located and specularly oriented on the Moon’s
surface. Each facet then produces a different frequency shitt, i.e., each component
represents the Doppler shift of the facets around the specular point. As previously
mentioned, the rougher the surface, the wider the area on the surface contributing to the



total received power. Therefore, we conclude that the surface roughness must have a direct
impact on the Doppler spread.

In this section, we focus on describing the variations observed primarily in the DS, since
the surface roughness should be directly correlated with them. Figure 7 shows an example
of the reflected signal.
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Figure 7. Example of received reflected signal during track 48161 at /=1 m 40 s.

Figure 7 shows the PSD of the received signal at DSN station 1 minute and 60 seconds after
starting track 48161. Close to the carrier, which propagates directly from the spacecraft, we
note that the surface echo is clearly visible in the frequency domain, thus allowing us to
directly estimate the DS. In particular, in order to compute its value, we have fit the power
distribution of the reflected signal to a Gaussian kernel and then measured the bandwidth
of the reflection by computing its 6c width (i.e., the 99.9997% of the energy). Two
examples of these computations are shown in Figure 8 and Figure 9.

Track 48161 at t = 35 s: Doppler Spread (DS) of the Received Reflected Pulse Fitted to a Gaussian Considering 6o
T T T T T

N
L 6ol -
2] DS
S 40 —
8
% 20 [~ Cii j ‘ j i n
g oF M I ‘ i
S ol ]
L 40 | ! | I |
a -6 -4 -2 0 2 4 6
a) Frequency [Hz] «10%
Track 48161 at t = 35 s: Doppler Spread (DS) of the Received Reflected Pulse Fitted to a Gaussian Considering 6o
T T I T T
60 - B
50 B
_ DS
i 40 - — < -
@
gSO’ ‘ L ' i J l' ﬂ Jl\‘h "‘\“ J' rHi | ‘ ‘ l‘\‘\ \ _
& 200 “1 Miyl‘f _Mm““ J LRI LT b"' I I IiaH \‘||‘ f 11 h ! ALY ‘ '7 U _.u‘ bl l.“l‘ il
° Ml i ' i IS | [ I i
2 1 I | ’ i ‘H ' f 1 M . [ ‘ { ’ | Wi
3 |
g o
-10 - H
20 I 1 | 1 I 7
-1 0.5 0 0.5 1
b) Frequency [Hz] x10%
Figure 8. Example of DS calculation for the reflected signal during track 48161 at 7= 35 s: (a) full-frequency

range, and (b) zoom into the region of interest.
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Track 48162 at t = 45 s: Doppler Spread (DS) of the Received Reflected Pulse Fitted to a Gaussian Considering 6o
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Figure 9. Example of DS calculation for the reflected signal during track 48162 at 7= 45 s: (a) full-frequency
range, and (b) zoom into the region of interest.

Observe that the 60 criterion to define the DS provides a good representation of most of
the received power from the echo. This 6 algorithm for computing the DS has been
applied to all available tracks. Figures 10 through 15 summarize the resulting DS estimates
over time for all available tracks.

From these figures, one can observe the high correlation between the DS measurements
obtained from track 48161 (Figure 10) and the DS measurements obtained from track
48162 (Figure 11). Those tracks correspond to observations very close in time for the same
day of year and the same area, the Nobile crater. Tracks 48247 (Figure 12), 48248

(Figure 13), and 48249 (Figure 14) also show high correlation on the measured DS, and
correspond to same day observations over the Ashbrook Crater. Alternatively, tracks 48261
(Figure 15), 48274 (Figure 16), 48592 (Figure 17), and 48810 (Figure 18) do not exhibit
comparable trends since they correspond to three different areas: an area in close
proximity to the north pole, a flat area, and an area north of the Spudis Ridge. Tracks
48261 (Figure 15) and 48592 (Figure 17) both correspond to an area in close proximity to
the north pole but those measurements were taken 27 days apart, so the exact covered
areas were far apart enough that the DS signature no longer matches.
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Figure 10. Doppler spread of the received scattered signal for track 48161. Measurements correspond to
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Figure 11. Doppler spread of the received scattered signal for track 48162. Measurements correspond to
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Figure 12. Doppler spread of the received scattered signal for track 48247. Measurements correspond to

Ashbrook crater area on DoY 72, year 2020.
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Figure 13. Doppler spread of the received scattered signal for track 48248. Measurements correspond to

Ashbrook crater area on DoY 72, year 2020.
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Figure 14. Doppler spread of the received scattered signal for track 48249. Measurements correspond to
Ashbrook crater area on DoY 72, year 2020.
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Figure 15. Doppler spread of the received scattered signal for track 48261. Measurements correspond to
North Pole area on DoY 73, year 2020.
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Figure 16. Doppler spread of the received scattered signal for track 48274. Measurements correspond to a
flat area on DoY 74, year 2020.
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Figure 17. Doppler spread of the received scattered signal for track 48592. Measurements correspond to
North Pole area on DoY 100, year 2020.
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Figure 18. Doppler spread of the received scattered signal for track 48810. Measurements correspond to
north Spudis Ridge area on DoY 118, year 2020.

Figure 19 shows the DS correlation between two tracks close in time and covering the same
area (e.g., 48161 and 48162), and the correlation between tracks covering areas far apart.
(e.g.,48261 and 48592).
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Figure 19. Correlation between tracks: (a) tracks close in time and covering the same area, i.e., 48161 and 48162,
and (b) tracks covering close areas far apart on time, i.e., 48261 and 48592.

As it can be observed, Figure 18a shows a high degree of correlation (~70%), while

Figure 18b shows no correlation between measurements. This clearly indicates that the
measured Doppler spread is correlated with the physical properties of the surface being
sampled during the bistatic radar experiment. This result, already noted in other works by
Patterson (e.g., [9]) for small bistatic angles, has now also been confirmed when operating
at grazing angles.

B. Measurement Observable: Circular Polarization Ratio

Previous studies have employed CPR as a descriptor of surface roughness—e.g., see [9] and
[13]. Surfaces that are smooth at the scale of the wavelength will have a low CPR, i.e., the
signal in the opposite sense will be stronger than the signal in the same sense. If the surface
is rougher, then the polarization of the scattered wave will have an increased chance of
changing twice, thus returning to the polarization state that was originally transmitted.
Therefore, in this case, the amount of signal power received in the same sense polarization
increases, making the CPR also increase in value.

In the case of our experiment, since LRO is transmitting RCP, the same sense and opposite
sense polarizations are RCP and LCP, respectively. Figure 20 shows the total integrated
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power for track 48810 and computed from the scattered signal measured in the same sense
and opposite sense polarizations.
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Figure 20. Integrated power of the received scattered signal for track 48810 at polarization RCP and LCP.
Measurements correspond to north Spudis Ridge area on DoY 118, year 2020.

Based on these values, the measurement observable CPR simply is computed as in
Equation 3:

CPR = Eee 3)

Icp

where Ircpis the integrated power at the RCP and I;cp is the integrated power at the LCP
within the reflected signal bandwidth. Note that to calculate the CPR we have only used
the received power within the 66 Doppler spread presented in the previous section.
Therefore, we have excluded all power contributions from the direct line-of-sight signal.

Figure 21 shows the result for the CPR computation. As previously stated, the CPR lies
closer to 1 when both RCP and LCP measurements are similar (indicative of rough surface),
and it decreases as RCP measurements become weaker (indicative of smoother surfaces). In
other words, a flat surface would show a CPR near to 0, while a very rough surface would
show a CPR near 1, always relative to the measurement wavelength.

Note that our CPR measurements show a strange behavior at times ranging from 3.25 min
to 4.25 min from the beginning of the track, approximately. Since the cause for these
sudden jumps in CPR ratio is not well understood, we have excluded this data from any
further consideration in our analysis.
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Figure 21. CPR computed for track 48810 from measurements at RCP and LCP polarizations. Measurements
correspond to north Spudis Ridge area on DoY 118, year 2020.
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IV. Reference Dataset: Roughness Information

The LOLA instrument onboard LRO has provided us with global topography maps of the
lunar surface at high resolution, including altitude and roughness maps. Altitude maps are
derived from the data collected from LOLA by computing the round-trip time of emitted
laser pulses by the LOLA instrument, between the instant at which they are transmitted
and the instant at which they are received. The round-trip time is an indirect measure of
how far LRO is from the lunar surface which, when combined with knowledge of the LRO
trajectory, translates into digital elevation maps of the lunar terrain. The lunar surface
roughness, on the other hand, can be derived from the data collected from LOLA by
analyzing the spread of the laser pulses after they are reflected from the Moon’s surface.
Figure 22 shows two different methods for estimating the Moon’s roughness.

Roughness Information Map
%x10° from LOLA instrument onboard LRO

m
15

y-axis [m]
y-axis [m]

a) x-axis [m] «10° b) x-axis [m] %10

Figure 22. Moon surface topographic information maps obtained from LOLA instrument measurements onboard
LRO: (a) AH, and (b) RMS of the surface heights (i.e., roughness).

The values on the maps are computed as the residual from three successive laser shots with
n— 3 degrees of freedom after fitting a plane to n =5 to 15 profile returns [14]. Depending
on orbital velocity, probability of detection, and spacecraft altitude, the slope baseline may
vary from 30 to 120 meters [14]. In the Figure 22a map, each pixel value represents the
maximum surface height difference (AH) within slope baseline, while in the Figure 22b
map, each value represents the RMS of the surface height differences within the slope
baseline. In an attempt to obtain reference roughness information, we will use both maps
as the representation of the roughness.

Assuming LOLA’s datasets provide a roughness reference for our experiments, we have
computed from those maps the averaged mean and standard deviation as descriptors of
the topographic features observed by the LRO-DSN bistatic radar configuration at each
instant of time within the scattering area (defined as Figure 3). The following plots show
both the mean (p) and the standard deviation or coarseness (C) of the surface roughness
features AH and RMS for the three more relevant tracks: track 48161, track 48247, and
track 48810.
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Figure 23. Track 48161 lunar surface information obtained from LOLA instrument onboard LRO:
(a) Crus, (b) prms, () Can, and (d) pan.
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Figure 24. Track 48247 lunar surface information obtained from LOLA instrument onboard LRO:
(a) Crus, (b) prms, (c) Can, and (d) pan.
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Figure 25. Track 48810 lunar surface information obtained from LOLA instrument onboard LRO:
() Crms, (b) prms, () Can, and (d) pan.

We do not expect to get good agreement between our data and the LOLA reference dataset
because the measurements obtained in this study are sensitive to roughness scales on the
order of the transmitted signal wavelength (~13.2 cm), which differs from the assessments
made by LOLA, i.e., a multi-beam laser altimeter that operates at a wavelength of

1064.4 nm. Simply by inspecting Figure 23 to Figure 25, we can automatically discard Cau,
and pan as valid references for the lunar surface roughness, since the observable shows
variations >20 meters in all tracks. Even though it is an accepted definition of roughness, it
does not capture the variation scales that our measurements are sensitive to. The standard
definition of roughness is indeed in terms of RMS. Given all the limitations of the reference
dataset towards our measurements, we perform the comparisons with respect to Crms and
Prvs in next section.

V. Experiment Results

This section compares the DS and CPR observables to the reference roughness estimates
obtained from the LOLA altimeter data as shown in Figure 23, Figure 24, and Figure 25.
We only consider Crys and prus. Our roughness estimates correspond to an area of the
surface based on the iso-lines filter adjusted from the Doppler spread computed at each
single measurement.
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It has been demonstrated in [15] that the Doppler spread is nearly proportional to the
tangent of the surface roughness parameter, more specifically the unidirectional RMS
slope:

DS
4(2In2)%5vscos(ys)

tan(B) = 4)

where:
 tan(p) is the unidirectional RMS slope
* DS isthe Doppler spread of the reflected pulse
* vgis the velocity of the specular point on the surface

* v, is the incidence angle of the bistatic configuration at the specular point.

Note that the specular point velocity vs and the incidence angle of the bistatic
configuration s variables in Equation 4 are obtained from the metadata associated with
each track, i.e., position information of both DSN and LRO over time.

In order to perform the comparisons for the DS measurement observable and the reference
topographic descriptors, we have first transformed the DS into tan (3). Therefore, tan (£) is
a sub-product of the main observable, computed following Equation 4, which according to
[14], is the parameter sensitive to the surface roughness. Next we show the results for three
selected tracks in Figures 26, 27, and 28, comparing the variations between tan (£) and the
corresponding lunar roughness descriptors: mean (p) and standard deviation or coarseness
(C) of the RMS roughness.

Comparison of tan(g) and Cp,c Over Time for Track 48161 Comparison of tan(6) and pgy,q Over Time for Track 48161
. , . 6 T T T

tan(3)

0 0.5 1 15 2 0 0.5 1 1.5 2
a) Time [min] b) Time [min]

Figure 26. Track 48161. Comparison between Zan (B) and the four lunar surface descriptors computed from
LOLA onboard LRO: (a) Crws, and (b) prms.
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Figure 27. Track 48247. Comparison between Zan (B) and the four lunar surface descriptors computed from
LOLA onboard LRO: (a) Crws, and (b) prms.
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Figure 28. Track 48810. Comparison between Zan (B) and the four lunar surface descriptors computed from
LOLA onboard LRO: (a) Crws, and (b) prms.

Upon inspection of the variations observed in the different tracks, we see that the tan ()
presents a pattern showing more oscillations than the reference roughness maps derived
from the LOLA instrument. At this point, it is important to remember that the DS
parameter is expected to describe variations at the scale of the wavelength of the
transmitted signal (~13.2 cm) and therefore the echo is responding to a different scale of
the topographical features than those described by the LOLA’s altimeter measurements.

Results for track 48161 and track 48810 are more consistent with the topographic
descriptors than those for track 48247. In particular, these results show weak correlations
with the Crys computed within the scattering area, than for prums. Track 48810 shows better
agreement with all topographic descriptors than the data of the other two tracks, but the
rationale for this agreement remains unexplained.

Next, we present the comparison for the CPR measurement observable and the lunar
surface information obtained from the LOLA instrument onboard LRO for track 48810, the
only track with two simultaneous polarization measurements. Figure 29 summarizes these
results.
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Figure 29. Track 48810. Comparison between CPR and the four lunar surface descriptors computed from
LOLA onboard LRO: (a) Crws, and (b) prms.

The results obtained comparing CPR to the topographic descriptors differ from the tan(f)
analysis, which showed better agreement for the Cruys descriptor. In this case the most
significant agreement is obtained from the comparison between CPR and prys. However,
the overall level of correlation is, as previously noted for the case of tan (), quite weak.

VI. Conclusions

We have performed an analysis of the lunar south pole soil roughness properties based on
measurements from an opportunistic bistatic radar experiment between LRO and the DSN
at grazing angles. We have employed two observables, the Doppler spread and the Cross
Polarization Ratio, and have studied the variability of those observables compared to
various descriptors of the lunar surface topographic features. The lunar surface
topographic maps have been obtained from LRO’s LOLA altimeter data, which have been
averaged within the approximate scattering area of the received signal. This scattering area
has been found empirically using the observed Doppler spread in the measurements
together with the Fresnel number method.

The main results of this article show that there is a certain degree of agreement between
the observables, DS and CPR, and the RMS surface topographic descriptor. Given a larger
measurement dataset and a more suitable reference dataset, the CPR and/or DS can be
placed into an algorithm to produce a lunar surface roughness map. This opportunistic
information has the potential to be used to better understand the Moon’s surface
roughness at scales of ~13 cm for future human exploration missions.

Keeping in mind that the measurements are mostly sensitive to surface roughness features
on the order of the transmitted signal wavelength (13.2 cm), and that the LOLA’s altimeter
reference dataset provides RMS roughness values on the order of 40 cm in mean, there is an
intrinsic error associated to the comparisons of both datasets. In other words, the reference
roughness maps from LRO lack spatial resolution to be directly comparable with our
observables, which were measured at S-band. A better reference dataset would have been
results from an independent study where S-band is used to assess surface roughness, or
even roughness measurements from other studies at X-band, as the ones developed under
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the DSS-13/mini-RF project [9], whose wavelength is about one-fourth of the wavelength
in our experiments, and therefore results are comparable.

Future research should incorporate more suitable data for validating our techniques.

For example, a collaboration with the project led by W. Patterson will be very beneficial
since the mini-RF S-band polar mosaics can be used to validate our CPR data. Also, a
collaboration with the LRO Diviner team would significantly improve our results by
incorporating surface rock abundance maps for rocks in the cm-size range. This work from
the LRO Diviner team was led by Catherine Elder, at the Jet Propulsion Laboratory (JPL),
and the maps produced, although not yet publicly available, will be key to better
understand our measurements.
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